Abstract. Population growth of Isochrysis galbana in batch cultures containing cadmium in solution (1 and 100 (*g Cd 1 "') recovered after an initial period of inhibition. This recovery did not appear to be due either to a loss of Cd from the culture or to the development of a Cd exclusion mechanism by cells. Gel filtration of cell cytosol revealed the association of Cd with four chromatographically distinct fractions. The acquisition of tolerance to Cd by /. galbana appeared to be correlated with changes in the cytosolic distribution of Cd, including an increased binding of Cd to a small molecular weight cytosolic moiety.
Introduction
Unicellular algae which are initially inhibited by chemical stress may often exhibit successful adaptation after prolonged exposure to stress (Stockner and Antia, 1976) . Cadmium has been shown to reduce the exponential growth rate of Thalassiosira weissflogii ( = T. fluviatilis) and Isochrysis galbana in nutrientsufficient batch cultures (Li, 1978) . Prolonged exposure of T. weissflogii to Cd in continuous culture resulted in the development of adapted cells that differed in some characteristics from unadapted cells having the same growth rate (Li, 1979) . Experiments described in the present paper indicate that /. galbana also possesses the ability to adapt to sublethal concentrations of Cd and resume growth after initial inhibition. The patterns of cellular accumulation and distribution of Cd during phases of growth inhibition and recovery in batch culture are described.
Materials and Methods
Isochrysis galbana Parke (stock culture obtained from Dr. J.S. Craigie, Atlantic Regional Laboratory, National Research Council, Halifax, Nova Scotia) was axenically cultured in 2 litres of f/2 medium (Guillard and Ryther, 1962) in cotton-stoppered 4 litre Erlenmeyer flasks. Nutrient enrichments were made to autoclaved natural filtered sea water by sterile filtration (0.22 /im Millipore membrane). EDTA was omitted from the medium. Cd was added as CdCl 2 -2'/iH 2 O with earner-free described previously (Li, 1979) . Cytosolic Cd was determined as follows. Two hundred millilitres of culture were harvested by centrifugation and the cells resuspended in 0.01 M Tris-HCl buffer (pH 7.4) to 12 ml. An Aminco French press operated at 18,000 psi was used to disrupt the cells. Cell debris was removed by centrifugation at 12,000 xg for 20 min. The supernatant fluid was further centrifuged at 105,000 xg for 60 min to obtain the cytosol fraction. Molecular sieve analysis of the cytosol was carried out by Sephadex G-75 chromatography. A 3.0 ml aliquot of the sample was eluted through a 1.5x60 cm column at 0.32 ml min-' using 0.02 M Tris-HCl buffer containing 0.1 M NaCl (pH 7.4). Two millilitre fractions were collected and IO9 Cd counted directly. Average recovery of '"'Cd after chromatography was 93%. 
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Results
Population Growth
Population growth of Isochrysis galbana in Cd-free medium was compared to those in media initially containing 1 \ig Cd 1 -' (Fig. 1A ) and 100 ^g Cd 1 -' ( Fig. 2A) . In the control culture, a one-day lag period was followed in sequence by an exponential phase, a prolonged exhaustion phase, and finally a stationary phase. The prolonged exhaustion phase (Spencer, 1954) in batch cultures of /. galbana was also observed by Kain and Fogg (1958) . At the onset of this phase, about 64% of inorganic carbon initially in the medium had been converted to cellular carbon and there was not enough carbon left in the medium to have supported another division at the exponential rate. The exhaustion phase was possibly a period during which growth was limited by the availability of carbon. At 1 ng Cd 1 -', the toxic effect of Cd was manifested as an inhibition of growth during the early exhaustion phase (Fig. 1 A) . At 100 ^g Cd 1 -', there was a slightly reduced exponential growth rate (Days 2 to 4) followed by population decline (Days 4 to 10) (Fig 2A) . This is precisely the effect of Cd upon the growth of /. galbana that Davies (1978) observed in a culture initially containing 105 \i% Cd 1 -'. In both cases, population growth resumed after these initial inhibitory phases (Fig. 1A, 2A) .
To determine whether cells had truly adapted to Cd stress after initial inhibition, another set of cultures (initially receiving 0, 1, 10, and 100 \xg Cd 1 -•) was grown for 22 days. The population growth features described previously (Fig. 1A , 2B) were once again observed. These 22-day old cells were reinoculated into fresh medium containing 0, 1, 10, 100, 1000, and 10,000 ^g Cd 1 '. The initial exponential growth rates of these cultures were determined. Cells previously grown at 100 ^g Cd 1 "'had much higher subsequent growth rates at 100 and 1000 g Cd 1 -' than cells previously exposed to lower concentrations (Fig. 3) .
Cellular Cd Accumulation
At 1 Mg Cd 1 -', total Cd sorbed by cells in unit volume culture continually increased until Day 14 after which there was only a very slight further increase (Fig. 1B) . The total amount of Cd in the culture (medium plus cells) did not change significantly throughout the experiment (Fig. IB) . Total Cd accumulated per cell (Fig. 1C ) decreased during the exponential and recovery phases; this was a consequence of the rate of cell increase being greater than that of Cd accumulation. During the inhibition phase, there was no cell increase but Cd was continually sorbed so that the amount of Cd per cell increased (Fig. 1C) .
At 100 ug Cd 1 -', total Cd accumulated per cell ( Fig. 1Q decreased during exponential and recovery phases -again reflecting the greater rate of cell increase ( Fig. 2A ) over rate of Cd accumulation (Fig. 2B) . After day 20, these rates were similar so that Cd per cell remained constant. During the period of population decline, there was a return of previously sorbed Cd back into the medium (Fig. 2B) . However, the Cd burden of remaining intact cells increased during this period (Fig. 2C) . The total amount of Cd in the culture (medium plus cells) declined significantly only after growth recovery was well under way (Fig. 2B ).
Cytosolic Cd Distribution
Separation of cytosol on Sephadex G-75 revealed four Cd-binding fractions (Fig.  4) . Fraction I corresponded to material eluting at the void volume of the bed and therefore having molecular weights greater than about 75,000 (Determann and Michel, 1966) . Fraction II was a shoulder in the chromatogram spanning molecular weights from about 30,000 to 50,000. Fraction III was a peak centred at a molecular weight of about 16,000. Fraction IV was at the position of the total volume of the gel bed and therefore represents substances with molecular weights less than about 3000.
For cells grown at both 1 and 100 ^g Cd 1 -', the proportion of Cd in Fraction IV decreased with time while those in the other three fractions increased. Figure 5 shows the cytosolic distribution of Cd for the 100 jig Cd 1 -' culture over the 
Discussion
There is ample evidence that unicellular algae can adapt to high concentrations of heavy metals (Foy and Gerloff, 1972; Stokes et al., 1973; Davies, 1974; Jensen et al., 1974; Stokes, 1975; De Filippis and PaJIaghy, 1976; Kayser, 1976; Foster, 1977; De Filippis, 1978; Li, 1979) . As Davies (1976) has noted, although biochemical and physiological mechanisms of tolerance to metals are not well understood, a classification of possible mechanisms can be made on the basis of action site. First, the cell may prevent metal entry by producing extracellular organic complexors (Barelli et al., 1978) or metal reducing factors Mayer, 1977, 1978) . Second, metal entry may be retarded by restrictions imposed by the cell membrane. In the case of nonessential metals such as mercury, entry may be retarded by low membrane permeability (Davies, 1976) . In the case of essential metals such as zinc or copper for which uptake may involve an active component, metal exclusion may be a result of inhibition of this component (De Filippis and Pallaghy, 1976) . Third, metals that have entered the cell may be rendered nontoxic by formation of intranuclear complexes (Silverberg et al., 1976) , insoluble precipitates (Davies, 1976) , nonenzymic metalloproteins (Kojima and Kagi, 1978) , or reduced and volatilized (De Filippis and Pallaghy, 1976; De Filippis, 1978) . Resumption of population growth in batch culture after a period of decline induced by mercury has been reported for Isochrysis galbana (Davies, 1974) and Scrippsiella faeroense (Kayser, 1976) . Growth recovery in these cases was suggested to be due to loss of mercury from the cultures as a result of volatilization. A different explanation is required for the adaptation of /. galbana to Cd in the present experiment since no significant loss of Cd occurred except towards the late stages of the 100 /jg Cd 1 -' culture ( Fig. 2A ) and cells obtained after growth recovery appeared to be truly more tolerant to Cd (Fig. 3) . In a similar experiment performed by Davies (1978) , /. galbana would presumably have recovered from Cd stress (105 ^g Cd 1 -•) if the experiment had been allowed to continue beyond 15 days.
The decrease of cellular Cd during growth recovery (Fig. 1C, 2C ) was not due to absolute exclusion of dissolved Cd by the cells. Rather, there continued to be an accumulation of Cd in both the 1 and 100 \i% Cd 1 -' cultures (Fig. IB, 2B ), albeit at a low rate in the former. The greater rate of cell increase during this period led to 'biological dilution' of accumulated Cd.
The similarity of cellular Cd values at the end of unadapted growth (Day 4: Fig. 1C, 2C ) to those at the end of adapted growth (Day 29: Fig 1C, 2Q indicates that /. galbana adaptation to a given concentration of Cd was not a consequence of lower total cellular Cd content. This is in contrast to the mechanisms of copper tolerance by exclusion in Chlorella vulgaris (Foster, 1977) . Moreover, the extent of Cd accumulated by /. galbana was similar to those of other unicellular algae. This is indicated in a plot of cellular Cd versus Cd in the medium (Fig. 6 ) using data taken from 15 unpublished reports representing analyses of laboratory of unicellular algae (including cyanophyta) and natural phytoplankton sampled from the field.
The ability of Isochrysis galbana to adapt to Cd must apparently lie in an intracellular detoxification mechanism. Although Cd was present in non-cytosol subcellular components, growth recovery appeared to be associated with increases in cytosol Cd content.
In many mammals, tolerance to high metal concentration is acquired by induced synthesis of low molecular weight cytosol proteins such as metallothionein or chelatin (Kojima and Kagi, 1978) . Olafson and Thompson (1974) suggested that such proteins may be "ubiquitous in the living world" but more recent studies, 15 20 25 DAYS Fig. 6 Cd content in algae as a function of Cd concentration in medium. Data are from laboratory cultures of unicellular algae and from natural phytoplankton sampled from the field. Data sources: Knauer and Martin, 1973; Abdullah and Royle, 1974; Cossa, 1976; Kerfoot and Jacobs, 1976; Windom et al., 1976; Gerhards and Weller, 1977; Hart and Scaife, 1977; Jones et al., 1977; Canterford el al., 1978; Conway 1978; Kremling el al., 1978; Soeder et al., 1978; Conway and Williams, 1979; Jennings and Rainbow, 1979; Li, 1979 . Data for Isochrysis galbana from the present study are indicated as solid circles. Values of algal Cd content from literature were converted to units of /ig Cd g dry wt.
-1 using the conversion factors of Strathmann (1967) and Parsons el al. (1961) .
especially of plants and micro-organisms, have cast some doubt on this. On the one hand, metallothionein-like or chelatin-like proteins have been reported in the blue-green algae Anacystis nidulans (Maclean et al., 1972) and Synechococcus sp. (Olafson et al., 1979a) , the yeasts Candida utilis (Failla et al., 1976) and Saccharomyces cerevisiae (Premakumar et al., 1975, Naiki and Yamagata, 1976) , the fungus Neurospora crassa (Lerch, 1980) , the mung bean Phaseolus aureus (Premakumar et al., 1975) , and marine invertebrates (Noel-Lambot, 1976; Brown et al., 1977, Howard and Nickless, 1977a; Brown and Parsons, 1978; Talbot and Magee, 1978; Engel and Fowler, 1979; Frazier, 1979; Olfason et al., 1979b,c) . On the other hand, the proteins were looked for but not found in the bacterium Escherichia coli (Mitra et al., 1975; Premakumar et al., 1975) , the protozoan Crithidia fasciculata (Maclean et al., 1972) , the soybean (Casterline and Yip, 1975) , the yeast Saccharomyces cerevisiae (Macara, 1978) and marine invertebrates (Coombs, 1974; Nickless, 1977b, 1978) . Undoubtedly some of the discrepancies among these reports lie in different experimental techniques of metalloprotein induction and analysis, but there is a real possibility that such proteins are not universal among nonmammalian organisms. Gerhards and Weller (1977) did not find evidence for metallothionein in Chlorella pyrenoidosa grown in Cd, Hg, or Ni but unpublished results mentioned by Hart et al. (1979) Maclean et al. (1972) reported that the cyanophyte Anacystis nidulans had accumulated 98% of the dissolved Cd at the end of its batch growth period from medium initially containing 1 ^g Cd I" 1 . When extracts of A. nidulans were chromatographed on Sephadex G-75, about 65% of the Cd was associated with a metallothionein-like moiety. Almost all of the remaining Cd eluted with low molecular weight substances with only a very small amount appearing at the void volume with large molecular weight substances (Maclean, personal communication) .
Recently, Olafson et al. (1979a) isolated and characterized the metallothionein induced in Synechococcus sp. upon prolonged exposure to high concentrations of Cd. The Sephadex G-75 Cd elution profile of Synechococcus showed that Cd was associated with four fractions of relative chromatographic positions similar to those in the profile of Isochrysis (Fig. 4) .
The results from this study on Isochrysis galbana, together with those of Li (1979) on Thalassiosira weisflogii, Olafson et al. (1979a) on Synechococcus sp. and Jennings (1979) on Dunaliella tertiolecta, indicate that unicellular algae which have previously been exposed to Cd are much more tolerant to the metal upon subsequent exposure. Furthermore, the acquisition of tolerance appears to be correlated with changes in the cytosolic distribution of Cd, including an increased binding of Cd to a small molecular weight cytosolic moiety (Fraction III). Further studies are required to determine whether this correlation in fact indicates a molecular basis for intracellular Cd detoxification by algae. Recent experiments with Hg-stressed Skeletonema costaturn (Cloutier-Mantha and Brown, 1980) suggest that although a metallothionein-like substance may occur in this diatom, the substance does not play a major role in detoxification by sequestering Hg and its synthesis is not induced by Hg.
